Colorectal cancer is one of the most significant causes of cancer death. A genetic model for colorectal cancer has been proposed in which the sequential accumulation of mutations in specific genes, including adenomatous polyposis coli (APC), Kirsten-ras (K-ras), and p53, drives the transition from healthy colonic epithelia through increasingly dysplastic adenoma to colorectal cancer. We have characterized tumor mutation spectra in a large cohort of colorectal cancer patients. In marked contrast to the predictions of the sequential model of mutation accumulation, only 6.6% of tumors were found to contain mutations in APC, K-ras, and p53, with 38.7% of tumors containing mutations in only one of these genes. The most common combination of mutations was p53 and APC (27.1%), whereas mutations in both p53 and K-ras were extremely rare. Statistical analysis (two-sided Fisher's exact test) confirmed that mutations in K-ras and p53 co-occurred less frequently than expected by chance (P < 0.01, Fisher's exact test). This finding suggests that these mutations lie on alternate pathways of colorectal tumor development. The heterogeneous pattern of tumor mutations in our patient cohort suggests that multiple alternative genetic pathways to colorectal cancer exist and that the widely accepted genetic model of cancer development is not representative of the majority of colorectal tumors.
C
olorectal cancer is one of the major causes of cancer death worldwide and in Western society is second only to lung cancer (1) . Only a small proportion (between 5 and 10%) of colorectal cancer cases are attributable to familial cancer syndromes and the majority seem to arise sporadically. Colorectal cancer incidence rates vary widely in different geographical areas, with relatively low incidence in Asia, Africa, and parts of Latin America but with high incidence in ''Western'' countries, including Northern Europe, Australia, New Zealand, and the U.S. (2) . Studies in migrant populations have demonstrated that populations moving from low-to high-risk countries rapidly acquire an increased cancer risk, suggesting that local environmental exposures influence colorectal cancer susceptibility (3) . Epidemiological studies have suggested that specific components of the Western diet, including dietary fat and red meat, are risk factors in colorectal cancer pathogenesis whereas other dietary components, including fruit, vegetables, and dietary fiber, are protective (4) .
Carcinogenesis is a multistep process, which can arise from a combination of mutations in oncogenes or tumor suppressor genes or from epigenetic changes in DNA such as methylation. A genetic model describing the transition from healthy colonic epithelia through increasingly dysplastic adenoma to malignant cancer has been proposed (5) that identifies a number of key oncogenes and tumor suppressor genes, the progressive acquisition of activating or loss of function mutations in which drives the adenoma to carcinoma transition (Fig. 1) . Certain of the genes identified in this pathway, including adenomatous polyposis coli (APC) and the DNA mismatch repair (MMR) genes, are the same as those mutated in familial colorectal cancer syndromes (6, 7) .
It has been suggested that as many as seven distinct genetic changes are required for a cell to progress from adenoma to carcinoma, and that the accumulation rather than the specific nature and temporal order of the mutations is most critical (8) .
Of the genes characterized to date, inactivation of the tumor suppressor genes APC and p53 and activation of the oncogene Kirsten-ras (K-ras) are thought to be particularly important determinants of tumor initiation and progression (6) .
The APC gene was first localized to chromosome 5q21 by disease linkage in patients with familial adenomatous polyposis (FAP) (9) . APC is a relatively large gene, encoding an 8.5-kB mRNA and 312-kD protein. The APC protein is structurally complex, with many possible protein͞protein interaction sites, including binding sites for ␤-catenin, EB1, and axin (10) . A mutation cluster region (MCR) has between identified in exon 15 in both patients with FAP and patients with sporadic colorectal cancer, located between codons 1286 and 1513 (11) . Although the MCR comprises only 10% of the total APC coding sequence, it contains more than 90% of APC mutations reported in both familial and sporadic colorectal cancers (8) . The majority of APC mutations in the MCR introduce a stop codon into the APC mRNA, resulting in deletion of the carboxyl-terminal functions of the protein, including ␤-catenin and axin binding. APC has been proposed to function as a ''gatekeeper'' gene, regulating the entry of epithelial cells into the adenomacarcinoma progression (8) .
The K-ras gene, located on the short arm of chromosome 12, encodes a 21-kD protein (p21 ras ) involved in G proteinmediated signal transduction. K-ras has constitutive GTPase activity, which is lost when the gene is mutated, most commonly at codons 12, 13, and 61 (12) . Mutations in K-ras lead to increased and unregulated cellular proliferation and malignant transformation.
Mutations in p53 are proposed to be relatively late events in the development of colorectal tumors, with the loss of p53-mediated pathways of apoptosis considered to be an important determinant of progression from adenoma to malignant tumor. The p53 gene, localized on the short arm of chromosome 17, is mutated in up to 70% of colorectal cancers (13) . p53 functions as a transcription factor, exerting cell cycle control by binding to specific recognition sequences in variety of genes including p21, Bax, and Bcl-2 in response to DNA damage or other cellular stress (14) . Constitutive p53 levels are tightly regulated by interaction with the E3 ubiquitin ligase MDM2, itself induced by p53, which targets p53 for ubiquitination and subsequent degradation (15) .
Based on the hypothesis that mutation of specific target genes may be important molecular mechanisms that influence the pathogenesis of colorectal cancer, as part of a wider study to investigate the relationship among diet, genetic polymorphism, and colorectal cancer susceptibility, we have analyzed the mutation spectra in three key genes, APC, K-ras, and p53 in more than 100 patients with colorectal cancer.
Materials and Methods
Patient Recruitment. Patients (age range 45-80; median age 67; 64 males and 42 females) undergoing surgery for colorectal cancer at Ninewells Hospital, Dundee, or Perth Royal Infirmary were invited to participate in the study. All patients were white, had preoperative pathological conformation of diagnosis, and had no history of previous cancer or diverticular disease. Patient details, including tumor location and Dukes' staging, are given in Table  2 , which is published as supporting information on the PNAS web site, www.pnas.org. All tumors were classified by the standard Dukes' staging system where Dukes' A tumors were confined to the bowel wall, Dukes' B tumors extended locally beyond the bowel, and Dukes' C tumors involved lymph nodes. All patients were asked to complete a detailed Food Frequency Questionnaire. The study was approved by the Tayside Committee for Medical Research Ethics.
Sample Preparation. Resection specimens were brought fresh from theatre to pathology. Normal and tumor tissue samples were selected by an experienced pathologist (F.A.C.) and stored in liquid nitrogen before analysis. Genomic DNA for mutation analysis was extracted from each tumor tissue with the Wizard Genomic DNA Purification kit (Promega) according to the manufacturer's instructions.
Mutation Detection. Denaturing high-performance liquid chromatography (HPLC) ''WAVE'' analysis. Because of the number and complexity of mutations in p53 and APC, the transgenomic WAVE denaturing HPLC system was used as a ''prescreen'' to identify samples containing mutations in these genes. WAVE analysis is based on the temperature-dependent differences in column-retention time of PCR products generated from homoduplex (wild-type) and heteroduplex (mutated) DNA, resulting in the presence of distorted or additional peaks when mutations are present.** The presence of homozygous mutations or mutations in samples that had undergone allelic loss was confirmed by mixing each test sample with a known wild-type DNA control. Assay conditions (acetonitrile gradient and temperature profile) were optimized for WAVE analysis of each PCR fragment with a bank of samples previously characterized by DNA sequencing. All samples were denatured and cooled slowly to room temperature before WAVE analysis to maximize heteroduplex formation.
(i) p53. Oligonucleotide primers were designed to amplify the entire p53 coding region in eight fragments (see Fig. 5 and Table  3 , which are published as supporting information on the PNAS web site). Mutation detection gradients (see Table 4 , which is published as supporting information on the PNAS web site) were optimized for WAVE analysis as described above.
(ii) APC. The MCR (codons 1028-1712) was analyzed (8) . Oligonucleotide primers were designed to amplify a 2-kb region of exon 15 of APC, in 3 overlapping PCR fragments, which were optimized for WAVE analysis as described previously. WAVE analyses of fragments APC2 and APC3 were found to contain a particularly high number of base pair changes, the majority of which were the result of the presence of characterized polymorphisms (16) . WAVE analysis was therefore used to screen only fragment APC1-mutations in fragments APC2 and APC3 were identified by direct sequencing.
(iii) K-ras. Mutations in codons 12, 13, and 61 of K-ras were identified by direct sequencing as described in the next paragraph.
Direct Sequencing. The mutations in p53 and in APC1 detected by WAVE analysis were confirmed by bidirectional direct sequencing (Li-Cor long Readir 4200 DNA Sequencer, MWG Biotech, Ebersberg, Germany). Direct sequencing was also used to identify mutations in APC2 and APC3 and in codons 12, 13, and 61 of the K-ras gene. All PCR products for direct sequencing were amplified with M13-tagged primers (see Table 5 , which is published as supporting information on the PNAS web site) and were purified by polyethylene glycol precipitation before sequencing. Fragments were simultaneously bidirectionally sequenced with fluorescently labeled M13-tagged primers by using a Thermosequenase DYEnamic Direct Cycle Sequencing kit (Amersham Pharmacia Biotech), according to the manufacturer's instructions. All sequences obtained were aligned with previously published sequences [National Center for Biotechnology Information (NCBI) GenBank accession nos.: M74088 (APC), M54968 (K-ras), and X54156 (p53)] for each of the target genes; the presence and nature of each mutation was confirmed by repeat PCR and sequencing.
hMSH-2͞hMLH-1 Immunohistochemistry. Four micrometer sections were cut from paraffin blocks chosen to include both tumor and normal mucosa. The sections were processed in a standard immunohistochemical procedure with microwave antigen retrieval and a horseradish peroxidase-labeled streptavidin detection system. The primary Abs (hMSH-2, Calbiochem; hMLH-1, Cambridge Bioscience, Cambridge, U.K.) were applied at a 1͞100 dilution (17) . All sections showed nuclear staining in the internal control (normal) mucosa.
Results
Of the genes studied, p53 was found to be most frequently mutated, with 65͞106 (61.3%) of the tumors analyzed containing a p53 mutation (Tables 1 and 2 ). This finding is in agreement with previous studies in colorectal cancer, which report frequen- cies between 50 and 70% (13) . Consistent with literature reports, the majority of the base pair changes in p53 were in a ''hotspot'' region between exons 5 and 8, a core functional domain responsible for DNA binding (Fig. 2) . The International Agency for Research on Cancer (IARC) p53 database identifies codons 175, 245, 248, and 273 as particularly frequently mutated in colorectal cancer ( Fig. 2B ) (18) . These somatically mutated hotspot codons may identify functionally important amino acid residues, which provide a selective growth advantage to the tumor cell. Fig. 2 A and B shows a comparison of the p53 mutations identified in our patients with colorectal cancer with those reported in the IARC p53 database. To ensure that an appropriate comparison was made and particularly to exclude the possibility that there may be geographical differences that may influence the number and nature of p53 mutations, only database entries relating to solid tumors (i.e., not cell lines) from white individuals were compared. The hotspot codons identified in our study were almost identical to those described in the IARC data set. These data, together with previous reports, confirm that the majority of p53 mutations lie within the central conserved DNA-binding region of the protein and justify the approaches adopted by previous studies that screened for mutations only in this restricted area of the protein. It should be noted, however, that we did find additional changes throughout this region, e.g., between amino acid residues 92 and 112. Consistent with previous literature reports (19) , the majority (47.1%) of p53 mutations in our patient group were C to T transitions at CpG dinucleotides. APC mutations were found in approximately 60% of the samples studied, in agreement with previous literature reports (20, 21) . The vast majority of APC mutations were frame shifts, introducing a premature stop codon ( Table 2 ). Of the two APC mutations that were not frame shifts (patients 1004 and 1073), one (patient 1004) was found in conjunction with an additional frame shift mutation.
K-ras was the least frequently mutated of the genes studied, with approximately 30% of tumors affected. This finding was in good agreement with the frequency of 37.7% reported in a recent metaanalysis of K-ras mutation frequencies in colorectal cancer (22) . Consistent with literature reports, the majority of K-ras mutations were found in codon 12 (Table 2) , with a smaller number of nucleotide substitutions in codon 13. No mutations were found in codon 61 in this patient group. In contrast to p53 and APC, K-ras mutations were significantly more common in rectal (39.0%) than in colon tumors (20.0%, P ϭ 0.044), suggesting different etiologies for these cancers. The majority of K-ras mutations were base pair transitions, occurring predominantly at the second bases of codons 12 and 13. In agreement with previous studies (22) , all of the codon 13 mutations were G 3 A transitions, whereas both G 3 A and G 3 C transitions and G 3 T transversions were found in codon 12.
There were no significant differences in mutation rates between males and females for either APC (55.6% vs. 59.5%), K-ras (28.6% vs. 26.2%), or p53 (61.9% vs. 59.5%, respectively).
The proposed sequence of genetic changes leading to the development of colorectal cancer involves mutations in all three genes analyzed, i.e., APC, K-ras, and p53. However, in our study a significant percentage of the tumors contained mutations in only one of these genes, p53 (24.1%), APC (12.0%), or K-ras (8.3%). Only 7 tumors (6.0% of all tumors analyzed) contained alterations in all three genes (Fig. 3) , whereas 12 tumors (11.3%) contained no mutations. The most common combination of mutations was p53 and APC (27.1%), whereas mutations in both p53 and K-ras were extremely rare. Statistical analysis confirmed that mutations in K-ras and p53 co-occurred less frequently than expected by chance (P Ͻ 0.01, Fisher's exact test). This result suggests that these mutations lie on alternate pathways of colorectal cancer development.
We failed to detect alterations in p53, APC, or K-ras in 12 (11.3%) of the patients studied, although these individuals had a histologically confirmed diagnosis of colorectal cancer. We therefore used immunohistochemical analysis to study the expression of the DNA repair genes hMLH1 and hMSH2 (17) , of which loss of expression is a marker for microsatellite instability resulting from defects in DNA MMR pathways. Although all of the tumors studied showed were positive for hMLH2, 5 of the 106 tumors analyzed (4.7%) were negative for hMLH1 (data not shown). Three of these 5 tumors (patients 1011, 1034, and 1261) had wild-type APC, K-ras, and p53; one (patient 1001) had mutations in both APC and p53; and one (patient 1153) had a gene-inactivating mutation in APC. The association between loss of hMLH1 expression and wild-type genotype at the three genes evaluated is significant (P ϭ 0.01, Fisher's exact text), and loss of expression of MMR genes may therefore rationalize tumor formation in a small proportion of the tumors in our series. We further investigated whether the accumulation of multiple mutations was attributable to differences in Dukes' stages (23) . There was no significant correlation among Dukes' stages and the number of tumor mutations (correlation coefficient ϭ 0.07) (Fig. 4A) . Interestingly, analysis of the relative contribution of APC, K-ras, and p53 to the overall mutation burden in early and advanced tumors demonstrated a statistically significant increase in the K-ras mutation frequency in Dukes' C tumors (Fig. 4B) , suggesting that altered K-ras function is an important determinant of tumor progression.
Discussion
A model, proposed to describe the accumulation of genetic changes necessary to drive the transition from adenoma to carcinoma in the development of colorectal cancer, has become generally accepted as a paradigm for the genetic basis of colorectal cancer development (6, 8) . Fundamental to this model is the concept that progression from normal epithelium to carcinoma is accompanied by the accumulation of mutations in a number of key genes that contribute to the maintenance of healthy colonic epithelia, the regulation of cell cycle control, and the inhibition of apoptosis.
Our data, however, suggest that the existing model will only rationalize tumor formation in an extremely small number of colorectal cancers. Indeed, in view of the relatively low frequency of tumors with mutations in all three genes, APC, K-ras, and p53, it is feasible that, where multiple mutations do exist in the same tumor, their occurrence is a chance event and does not represent a synergistic evolutionary pathway. The model described by Fearon and Vogelstein (6) was based on the analysis of a relatively limited number of colorectal tumors, where more than 90% of tumors had allelic losses with, presumably, a corresponding loss of function of at least two of the four genes studied (p53, APC, K-ras, and DCC). We did not consider DCC in the present study but have described a comprehensive analysis of mutations in p53, APC, and K-ras in 106 colorectal tumors where only 50% of tumors contained multiple mutations and less than 7% of tumors contained mutations in all three genes. In confirmation of these findings, we have also analyzed a second cohort of 63 tumors, where only 2% of tumors analyzed contained mutations in all three genes. More than onethird of our tumors contained mutations in only one of p53, APC, or K-ras, demonstrating that the progressive accumulation of multiple mutations in these genes is not a prerequisite for tumor development. Our mutation frequencies for the individual genes was entirely consistent with previous literature reports in colorectal cancer (13, (20) (21) (22) , although many previous studies considered relatively small patient groups and the majority studied only a single gene in isolation.
The current study provides a number of insights into the mechanisms of colorectal tumor development. First, K-ras mutations were significantly more common in rectal than in colon tumors, indicating differences in the pathways of carcinogenesis in these tissues. Second, p53 and K-ras mutations were rarely found together in the same tumor, suggesting different genetic pathways leading to tumor formation. The significant overrepresentation of K-ras mutations in Dukes' C tumors suggests that Fig. 3 .
Distribution of APC, K-ras, and p53 mutations in patients with colorectal cancer. The presence of mutations in APC, K-ras, and p53 was determined in a cohort of patients with colorectal cancer (n ϭ 106) by a combination of WAVE denaturing HPLC analysis and direct sequencing, as described in Materials and Methods. The percentage of tumors with each combination of mutations is illustrated. K-ras activation may be an important determinant of tumor progression. In a minority of tumors, mutations were found in both p53 and K-ras. Although the combination of mutant p53 and K-ras is likely to have an effect on tumor phenotype, the low number of tumors containing mutations in both genes suggests that this phenotype may have arisen by chance.
Consistent with other studies, we have found that a significant number of tumors do not seem to have lost APC tumor suppressor gene function, or at least do not contain mutations within the APC exon 15 MCR, suggesting that APC-driven alterations in colonic crypt architecture are not an absolute requirement for the initiation of dysplasia. Tumors retaining APC integrity must have alternative mechanisms of tumor initiation. Our data suggest that mutations in K-ras, p53, or other events can also independently initiate the adenoma to carcinoma transition (24) . These observations are supported by mutation analysis in patients with ulcerative colitis, an inflammatory bowel disease that confers a significantly increased risk of colorectal cancer (25) . APC mutations are relatively rare (Ͻ10%) in patients with ulcerative colitis, whereas p53 mutations are common, suggesting that loss of cell cycle apoptotic control mechanisms through mutation in p53 may be one mechanism to explain the observed increase in colorectal cancer risk (26) .
The effects of mutations in p53 are likely to be codon-specific, with certain amino acid changes having a more significant effect on p53 function than others. For example, several of the hotspot codons identified in both the IARC database and in our own patients (codons 248 and 273) have been localized within the DNA-binding domain of the protein, a region which influences protein-p53 interactions and is therefore a critical determinant of p53 sequence-specific transactivation functions (27) . Other hotspots (e.g., codon 175) disrupt protein conformation, whereas various insertion and deletion mutations lead to loss of protein function through frame shifts and the generation of premature stop codons.
Previous studies have reported K-ras mutation rates to be higher in left-sided colorectal cancers (28) . This finding has been attributed to the increased exposure of the left-sided bowel lumen to ingested carcinogens and mutagens. No differences in K-ras frequencies in left-and right-sided tumors were found in this study, although the number of right-sided tumors was small. There is also evidence that K-ras mutations may be lost through selection as cells progress from adenoma to carcinoma, with some studies reporting K-ras mutation frequencies that are higher in patients with adenoma compared with colorectal cancer (29) . Although we have not studied adenomas here, our finding that K-ras mutations were significantly overrepresented in Dukes' C tumors is not consistent with this observation.
An alternative pathway of tumor development is characterized by microsatellite instability resulting from defects in DNA MMR pathways (30) . Defects in DNA MMR are responsible for the familial syndrome HNPCC, an autosomal dominant disease which accounts for up to 5% of colorectal cancer cases (31) . In these cases, multiple polyps are found in many tissues including stomach, ovary, and bladder as well as the gastrointestinal tract (32) . HNPCC arises from mutations in one of several DNA MMR genes (hMSH2, hMLH1, hPMS1, hPMS2, hMSH3, or hMSH6), all of which regulate the fidelity of DNA synthesis during replication. Although microsatellite instability frequencies of up to 15% have been reported in sporadic colorectal cancers, more recent reports, in agreement with our data, suggest that only 1-2% of sporadic colorectal tumors arise from defects in MMR pathways (33) .
The presence of mutations in APC, K-ras, and p53 has all been identified as prognostic indicators of tumor behavior and survival in patients with colorectal cancer, although the findings of all studies are not consistent. In the majority of colorectal cancers, ''outcome'' is likely to be determined by the skill of the surgeon, although the presence of specific tumor mutations may be an important identifier of ''high-risk'' individuals, with particularly aggressive or rapidly growing tumors. Our data specifically associate K-ras mutation with Dukes' C tumors, consistent with previous literature reports that K-ras mutation, in particular the glycine to valine substitution at codon 12, is associated with poorer prognosis and time to relapse (22) .
The heterogeneous nature of the mutations in APC, K-ras, and p53 in tumors analyzed in the current study raises a number of questions-Do tumors with multiple mutations grow faster͞ become more aggressive͞have a worse prognosis that tumors with only a single mutation? Can specific mutation patterns identify individuals at particularly high risk of progression or relapse? Is it possible that targeted dietary intervention may influence disease progression and͞or relapse or that the appropriate dietary regime can influence susceptibility to colorectal cancer in high-risk individuals? In support of this hypothesis, there is some evidence that K-ras mutations are more common in patients with colorectal cancer with diets with a high red meat content, whereas p53 mutations are less common in patients with a high vegetable intake. † † To investigate whether specific dietary and lifestyle choices influence mutation burden in individual patients, we are currently analyzing data from detailed Food Frequency Questionnaires completed by all our cancer patients (unpublished data). In an ongoing comprehensive analysis of drug-metabolizing enzyme polymorphisms in a matched casecontrol study of these plus additional patients with colorectal cancer, we hope to relate individual dietary choice and patient genotype to the presence of specific tumor mutations.
Various gene therapy approaches have recently been proposed, for example, to ''rescue'' mutant p53 phenotype in colorectal tumors, including the design of synthetic peptides and small molecule drugs that have successfully restored p53 function in model systems (34, 35) . Although these approaches are exciting and may indeed lead to the development of novel therapeutic interventions in the treatment of colorectal and other cancers, our data suggest that future therapies must be targeted to individual patients, based on a detailed understanding of individual genetic background and the nature of the mutations present in individual tumors.
